Post-harvest diseases of apple and pear cause significant losses. Neofabraea spp. and Cadophora spp. infect fruits during the growing season and remain quiescent until disease symptoms occur after several months in storage. Epidemiological knowledge of these diseases is limited. TaqMan PCR assays were developed for quantification of N. alba, N. perennans, C. malorum and C. luteo-olivacea in environmental samples. Various host tissues, dead weeds and grasses, soil and applied composts were collected in 10 apple and 10 pear orchards in May 2012. Neofabraea alba was detected in 73% of samples from apple orchards and 48% from pear orchards. Neofabraea perennans was present in a few samples. Cadophora luteo-olivacea was detected in 99% of samples from apple orchards and 93% from pear orchards, whilst C. malorum was not detected in any sample. In apple orchards, highest concentrations of N. alba were found in apple leaf litter, cankers and mummies, and of C. luteo-olivacea in apple leaf litter, mummies and dead weeds. In pear orchards, N. alba and C. luteo-olivacea were found in highest concentrations in pear leaf litter and in dead weeds. Substrate colonization varied considerably between orchards. The temporal dynamics of pathogens was followed in four apple orchards and four pear orchards. In apple orchards the colonization by pathogens decreased from April until August and increased from September until December. This pattern was less pronounced in pear. Knowledge on population dynamics is essential for the development of preventative measures to reduce risks of fruit infections during the growing season.
Introduction
Post-harvest diseases of apple and pear result in significant economic losses during storage. Multiple fungicide treatments before harvest are common to reduce the risk of post-harvest diseases (Palm & Kruse, 2012) . There is a growing market demand for fruit with a restricted number of various residues and low total residue levels, as well as for residue-free fruit (Ott, 1990; Boccaletti & Nardella, 2000; Magnusson & Cranfield, 2005) . In this situation it is expected that risks of losses by post-harvest diseases will further increase, and that more pathogen species may occur.
Post-harvest diseases of apple and pear are caused by a range of fungal pathogens. Wounds caused by insects and birds, as well as by physical damage before or during harvest, are an important entrance for several pathogens such as Botrytis cinerea (grey mould), Penicillium expansum (blue mould) and Monilinia fructigena (brown rot) (Snowdon, 1990) . These pathogens typically cause a rapid decay of fruit in the pre-and post-harvest stage. Fungicide applications shortly before harvest and careful handling of fruits during harvest are effective measures to reduce losses by wound pathogens.
Another group of pathogens infects developing fruits during the growing season and remain quiescent without causing symptoms during either the growing season or the first weeks in post-harvest storage. Typically, symptoms of disease occur after several months in cold storage with a controlled atmosphere. Common pathogens causing such late post-harvest losses are Neofabraea alba (syn. Phlyctema vagabunda; lenticel rot disease, often also named bull's eye rot; Chen et al., 2016; Soto-Alvear et al., 2013) , Neofabraea perennans (bull's eye rot; Weber, 2009) , Neonectria ditissima (nectria rot, blossomend rot; Weber & Dralle, 2013) , Colletotrichum acutatum species complex (bitter rot; Spolti et al., 2012) , Phytophthora spp., Alternaria spp., Fusarium spp. (Sever et al., 2012) , Cadophora malorum (syn. Phialophora malorum; Sugar & Spotts, 1992) and Stemphylium vesicarium (Weber & Dralle, 2013 ).
Bull's eye rot of apple and pear is an important postharvest disease, occurring in major fruit-growing areas of North America, Chile, Australia and Europe (Henriquez et al., 2004; Spotts et al., 2009 ). Bull's eye lesions on apple and pear fruits are generally caused by four Neofabraea species: N. alba, N. malicorticis, N. perennans and N. kienholzii (Gari epy et al., 2005) . Neofabraea alba is the major pathogen causing bull's eye rot on pome fruits in continental Europe (Henriquez et al., 2004; Michalecka et al., 2016) . Neofabraea perennans is most frequently associated with bull's eye rot occurring on the west coast of the USA and Canada (Henriquez et al., 2004) . In Europe its presence has been detected in the Netherlands, Germany and the UK (De Jong et al., 2001) . The occurrence of N. malicorticis is associated with the disease symptoms on the west coast of the USA and Canada, and occasionally in Europe: Denmark, the Netherlands and Portugal (Verkley, 1999) . The fourth causal agent of bull's eye rot disease, N. kienholzii, was detected in samples from Canada and Portugal (Henriquez et al., 2004) . Neofabraea kienholzii was reported twice on apple in Europe (Michalecka et al., 2016) , and recently for the time first causing bull's eye rot of pear in Europe (Wenneker et al., 2017b) .
Cadophora luteo-olivacea is associated with a trunk disease of grapes (Halleen et al., 2007; Manning & Mundy, 2009; Gramaje et al., 2011) , and is reported as the causal agent of skin pitting of kiwifruit (Spadaro et al., 2010) . The occurrence of C. luteo-olivacea in the Netherlands causing side rot on pear has recently been reported (Wenneker et al., 2016f) , whereas C. malorum (syn. Phialophora malorum) has previously been reported as a side rot of pears in North America (Sugar & Spotts, 1992) .
A survey of apple and pear fruit lots in the Netherlands in [2011] [2012] [2013] revealed that one of the most important pathogens was N. alba (apples and pears), with N. perennans only found occasionally (Wenneker et al., 2016a) . The other most common pathogen was C. luteoolivacea, mainly seen in pears (Wenneker et al., 2016f) . Besides C. luteo-olivacea, a group of genetically distinct isolates of Cadophora was found consistently at low incidence, which do not belong to a described Cadophora species (M. Wenneker, unpublished data). In this study, Cadophora X is used to refer to this group of isolates. Cadophora malorum was not found during this Dutch survey. Other pathogens such as Fusarium spp., Alternaria spp. and Cladosporium spp. were isolated at low frequencies and are considered of minor importance. New problems with sooty blotch and lenticel spot of apple were also noticed (Wenneker et al., 2017a) as well as several pathogens not previously described in the Netherlands, such as Fusarium avenaceum on pear and apple (Wenneker et al., 2016c,e) , Neonectria candida on pear (Wenneker et al., 2016d) , and Colletotrichum godetiae on apple (Wenneker et al., 2016b) . The survey conducted in 2011-2013 also revealed strong seasonal effects, with different incidences and severities of the various pathogens causing post-harvest rot in different years.
There is considerable knowledge on the epidemiology of the wound pathogens B. cinerea, P. expansum and M. fructigena. In contrast, knowledge on the occurrence and epidemiology of the different post-harvest diseases, which generally show symptoms after long-term storage, is very limited. There may be different reasons for this lack of knowledge: (i) less attention was paid to several 'minor' pathogens as long as multiple broad-spectrum fungicide applications controlled the build-up of pathogen populations in orchards; (ii) the differentiation of symptoms of the different diseases is not as clear as for the wound pathogens, resulting in limited data on the relative abundance of the different pathogens; and (iii) the detection of the pathogens in the orchard is difficult because they tend to grow slowly on culture media in comparison to other pathogens, making studies based on isolation and culturing techniques laborious.
The control of this complex of very diverse pathogens is difficult because infections may occur during the entire period from flowering until harvest. Infection periods are often not clearly known and may differ between pathogens. Preventative measures aim to reduce disease pressure by sanitation. Mummified fruits are considered as a main inoculum source and should be removed (Weber, 2012; Beer et al., 2015) . Cankers on wood can be important inoculum sources of several of the post-harvest pathogens (Sugar & Spotts, 1992; Gari epy et al., 2005; Henriquez et al., 2006) .
The objectives of this study were: (i) to develop tools for the quantitative species-specific detection of N. alba, N. perennans, C. malorum and C. luteo-olivacea, including the above mentioned Cadophora X (which is closely related but genetically distinct from C. luteo-olivacea), in environmental samples; (ii) to study the population dynamics of pathogens in orchards; and (iii) to identify major inoculum sources of the different pathogens. This knowledge on the disease epidemiology is essential for the development of preventative measures to reduce the risk of fruit infections during the growing season. Various types of necrotic plant tissues and soil were sampled during the 2012 growing season in 10 apple orchards and 10 pear orchards in the Netherlands. The colonization of the samples by the pathogens was quantified using the four newly developed pathogen-specific quantitative TaqMan PCR assays.
Materials and methods

Fungal isolates and development of TaqMan PCR assays
Fungal isolates of Cadophora and Neofabraea species were obtained from naturally infected apple and pear fruit. To isolate Plant Pathology (2018) 67, 1264-1277 the causal agents, fruit were rinsed with sterile water, lesions were sprayed with 70% ethanol until droplet run-off, the skin was removed aseptically with a scalpel, and tissue under the lesion was isolated and placed onto potato dextrose agar (PDA; Oxoid). The PDA plates were incubated at 18°C in the dark, and single spore isolates were propagated on PDA. Fungal isolates (Table 1) were grown at 18°C on PDA. Mycelium and spores of cultured isolates were scraped from the agar surface, freeze-dried and macerated by bead-beating for 10 s at 5000 beats per minute (bpm) in a ribolyser (Hybaid). Subsequently, DNA was extracted automatically on a Kingfisher 96 Instrument (Thermolabsystems) using the sbeadex maxi plant kit (AGOWA; LGC genomics). DNA concentration was measured using PicoGreen in a fluorescence plate reader (TECAN). The isolates were identified by sequence analyses of the ITS region using the primer set ITS1 and ITS4 (White et al., 1990) . The PCR products were purified and sequenced in both directions by Macrogen Europe. Sequence searches were performed in GenBank using BLASTN function. Four TaqMan-based real-time PCR assays were developed on internal transcribed spacer (ITS) or small subunit (18S rRNA) regions. The benefit of these multicopy genes is a lower detection threshold, in general 100 times, compared to a single copy gene. Primers and probes, locked nucleic acid-(LNA) or minor groove binder-(MGB) probe for optimum detection, for an ITS1 assay were designed for the simultaneous quantification of C. luteo-olivacea and Cadophora X and the speciesspecific quantification of C. malorum. For Neofabraea, the ITS1 regions shows too few differences to discriminate between the different species of Neofabraea, and also the large subunit (LSU), RNA polymerase II subunit (rpb2) and tubulin (tub) could not be used (Chen et al., 2016) , therefore an 18S ribosomal RNA assay was designed for the species-specific quantification of N. alba and N. perennans. PRIMER EXPRESS v. 3.0.1 (Thermo Fisher Scientific) and VISUAL OMP v. 1.0 (Dnasoftware) were used for the design of primers and probes.
The specificity of the four developed TaqMan PCR assays was tested using 1 ng DNA of non-target fungi listed in Table 1 . The test was considered as specific if, for the non-target fungi, no reactions or C t values were measured that were higher than the C t value for the target fungus at the lowest concentration of the dynamic range of the TaqMan PCR.
Orchards and sampling of plant tissues
Ten apple orchards and 10 pear orchards were selected in the main fruit-growing areas of the Netherlands (Table 2 ). All orchards were managed commercially, with applications of fungicides for disease control and herbicides for weed control.
Samples of various necrotic plant residues and tree parts were collected in the 20 orchards during the growing season of 2012 to investigate their role as potential inoculum sources for the fruit rot pathogens N. alba, N. perennans, C. malorum and C. luteo-olivacea including Cadophora X. In four apple orchards (nos. 1, 3, 7 and 8) and four pear orchards (nos. 13, 18, 19 and 20) , samples were taken monthly from May until September and in December 2012. In all other orchards samples were taken only in May 2012. In the Netherlands, meteorological spring begins on 1 March, summer on 1 June, autumn on 1 September and winter on 1 December. The flowering period of apples (cv. Elstar) and pears (cv. Conference) is from mid-April to mid-May and the main harvest period of these cultivars is in September.
In each orchard, four plots were sampled. Plots in apple orchards consisted of a grass alley and the two neighbouring tree strips with approximately 50 trees, and were 25 m long and 3 m wide. In pear orchards, plots with approximately 40 trees had a width of 3.25 m. The following substrates were collected from five randomly chosen trees per row within the plots (if present in the orchard at the sampling date): 10 mummies, 10 cankers on twigs and 10 fruit spurs. From five randomly chosen sites within a sampling plot, the following substrates were sampled from the orchard floor into a 150 mL jar filled to the top: 10 segments (each 5-10 cm long) of prunings, residues of fallen apple or pear leaves from tree strips and grass alleys, residues of dead leaves of grasses from tree strips and grass alleys, residues of dead weeds from tree strips, soil of the 1 cm top layer from five sites in each tree strip, and compost ('champost', pasteurized compost used for mushroom production applied for soil improvement; approximately 100 mL) from five sites in each tree strip. For each type of substrate, samples taken within the same sampling plot were pooled so that four replicate samples for each orchard, substrate type and sampling date were available. Samples were stored at À18°C until processing. Sample processing and TaqMan PCR assays
After storage, frozen samples were shredded. A subsample of approximately 150 mL was weighed and freeze-dried to assess dry matter content. Then the dried material was pulverized in a laboratory mill with a 1-mm mesh sieve (Cyclotec 1093 Sample Mill). Powdered subsamples were stored at À18°C until DNA extraction. DNA was extracted from subsamples of approximately 50 mg using the sbeadex maxi plant kit and the Kingfisher 96 Instrument with the following modifications. Lysis was at 65°C for 1 h with 500 lL lysis buffer. After centrifuging, 100 lL supernatant was used in the subsequent protocol. Separate PCRs were performed in a 384-well format in CFX 384 (Bio-Rad) Real-Time PCR Detection System to quantify N. alba, N. perennans, C. malorum, C. luteo-olivacea/Cadophora X, and green fluorescent protein (GFP) serving as an amplification control (AC) (Klerks et al., 2004) . For each TaqMan PCR of N. alba and N. perennans, a 0.8 lL sample was mixed with 9.2 lL reaction mix containing 5 lL Premix Ex Taq (Takara Bio Inc.), 200 nM fluorescein (FAM)-labelled probe and 300 nM of each forward and reverse primer (Table 3 ). For C. malorum, a 0.8 lL sample was mixed with 9.2 lL reaction mix containing 5 lL Premix Ex Taq, 100 nM FAM-labelled probe with A and 50 nM FAM-labelled probe with C and 300 nM of each forward and reverse primer (Table 3 ). For C. luteo-olivacea, a 0.8 lL sample was mixed with 9.2 lL reaction mix containing 5 lL Premix Ex Taq, 100 nM FAM-labelled probe and 50 nM of forward and 900 nM of reverse primer (Table 3) . A 10-fold serial dilution ranging from 400 pg to 40 fg of DNA of N. alba isolate 1259, N. perennans isolate 1247, C. malorum isolate 866.69 and C. luteo-olivacea isolate 1251 was included in each 384-well plate for reference. If measurements of the AC amplification indicated inhibition of TaqMan PCRs, measurements were repeated after 2-and 10-fold dilution of the sample. The concentrations of extracted pathogen DNA in the samples were calculated from the derivative cycle threshold values (C t values) of TaqMan PCRs for the DNA dilution series and for DNA extracts of plant samples, and expressed as pg DNA of pathogen DNA per mg plant residue (dry weight).
Results
Development of TaqMan PCR assays
Primers and probes for the species-specific quantification of N. alba, N. perennans and C. malorum, and the quantification of C. luteo-olivacea/Cadophora X are given in Table 3 . The specificity of the TaqMan PCR assays was first evaluated in silico. BLAST search of GenBank (NCBI) of the species-specific probes for C. luteo-olivacea or C. malorum gave a 100% match with the target and no match with seven other closely related Cadophora species (Travadon et al., 2015) . BLAST search of the N. alba specific probe showed a 100% match with the target and no match with the closest related Neofabraea species. In contrast, the N. perennans probe had a 100% match with sequences of N. malicorticis and Neofabraea populi. In the entire N. perennans amplicon there was only one nucleotide difference in the reverse (Rv) primer area with N. populi, and the N. malicorticis amplicon was identical, so that this TaqMan PCR detects N. perennans, N. malicorticis and N. populi. BLAST search of the species-specific probes for the four developed targets gave no match with the whole genome of Malus domestica (biosample SAMN02981243). The in silico validation was confirmed by a TaqMan PCR for C. luteo-olivacea/Cadophora. X using a test panel of 16 C. luteo-olivacea isolates and five isolates considered as Cadophora X originating from different locations (Table 1 ) and all isolates of non-target fungal species including C. malorum listed in Table 1 . A positive TaqMan PCR result was found with all 16 C. luteo-olivacea isolates including the five isolates of Cadophora X. Calibration curves of the TaqMan PCR developed for detection of C. luteo-olivacea/Cadophora X were obtained for C. luteo-olivacea isolate 1251 (Table 4) . No TaqMan PCR or C t values higher than the C t value for C. luteo-olivacea/Cadophora X at 40 fg (Table 4) were obtained for all the non-target isolates. The specificity of the TaqMan PCR developed for the detection of C. malorum was confirmed by testing a panel of seven C. malorum isolates originating from different locations (Table 1 ) and all isolates of the non-target fungal species including 16 isolates of C. luteo-olivacea and five isolates of Cadophora X listed in Table 1 . A positive TaqMan PCR result was found with all seven C. malorum isolates. Calibration curves of the TaqMan PCR developed for detection of C. malorum were obtained for C. malorum isolate 866.69 (Table 4) . No TaqMan PCR or C t values higher than the C t value for C. malorum at 4 fg were obtained for all non-target isolates. The specificity of the TaqMan PCR developed for the detection of N. alba was confirmed by testing a panel of eight N. alba isolates originating from different locations (Table 1) and all isolates of the non-target fungal species including six isolates of N. perennans listed in Table 1 . A positive TaqMan PCR result was found with all eight N. alba isolates. Calibration curves of the TaqMan PCR developed for detection of N. alba were obtained for N. alba isolate 1259 (Table 4) . No TaqMan PCR or C t values higher than the C t value for N. alba at 40 fg were obtained for all non-target isolates. The specificity of the TaqMan PCR developed for the detection of N.
perennans was confirmed by testing a panel of six N. perennans isolates originating from different locations (Table 1 ) and all isolates of non-target fungal species including N. alba (eight isolates) listed in Table 1 . A positive TaqMan PCR result was found with all six N. perennans isolates. Calibration curves of the TaqMan PCR developed for detection of N. perennans were obtained for N. perennans isolate 1247 (Table 4) . No TaqMan PCR or C t values higher than the C t value for N. perennans at 40 fg were obtained for all non-target isolates.
Colonization of different substrates by post-harvest pathogens
Cankers, prunings, fruit spurs and soil samples were collected in four replicates in the 10 apple and 10 pear orchards (Table 5 ). The other substrates were not present in the sampled plots of all orchards, so fewer samples were available. Fruit mummies were abundant in all apple orchards, except in orchard 6 (Kanzi). This was in contrast to pear orchards, where mummies were found only in two orchards. Pear leaf litter was collected in nearly all pear orchards, but apple leaf litter was available from only four apple orchards. Dead grass was collected in half of the apple and pear orchards. Dead weeds were present in the majority of the sampled plots. Champost had only been used in two apple orchards and three pear orchards. Neofabraea alba was detected in 73% of the samples from apple orchards and 58% of the samples from pear orchards (Table 5) . Neofabraea perennans was not present in any of the substrate samples collected in pear orchards. In apple orchards, N. perennans was detected in only six out of 264 samples, from apple leaf litter, cankers, mummies and prunings, all at low concentrations. Cadophora luteo-olivacea/ Cadophora X was detected in 99% of the samples from apple orchards and 95% of the samples from pear orchards. Cadophora malorum was not detected in any of the samples. In apple orchards, the highest concentrations of N. alba were found in apple leaf litter, cankers and mummies (Table 5 ; Fig. 1 ). Lowest concentrations were present in soil, champost and dead grass. In pear orchards, N. alba was most frequently found in dead weeds, pear leaf litter and cankers, with the highest concentrations in dead weeds and pear leaf litter. Cadophora luteoolivacea/Cadophora X was present in apple orchards in all nine different types of substrates and was absent only in a few soil samples. Large differences were observed in concentrations of C. luteo-olivacea/Cadophora X between the different substrate types. Highest concentrations were present in apple leaf litter and mummies as well as in dead weeds (Table 5 ; Fig. 1 ). Low concentrations were measured in soil and champost. In pear orchards, C. luteo-olivacea/Cadophora X was also present in nearly all samples of the nine different substrates. Highest concentrations of C. luteo-olivacea/Cadophora X were measured in pear leaf litter and dead weeds, and very low concentrations were found in fruit spurs, soil and champost.
Variation in substrate colonization between orchards
In apple orchards, cankers, apple leaf litter, mummies and dead weeds generally showed high colonization by N. alba and C. luteo-olivacea/Cadophora X. The colonization of these substrates by the pathogens varied strongly between orchards. A large variation was observed in the concentration of N. alba in canker samples of the 10 apple orchards, ranging from 2 to 631 pg DNA of N. alba per mg canker tissue (dry weight) (back-transformed values; Fig. 2 ). High variation was also present in the concentration of C. luteoolivacea/Cadophora X in these cankers, ranging from 45 to 2466 pg DNA mg
À1
. No correlation was found for the concentration of N. alba or C. luteo-olivacea/Cadophora X for canker samples within an orchard. The highest concentration of N. alba was measured in cankers of orchard 1 (Pinova), 5 (Elstar), 8 (Pinova), 9 (Topaz) and 10 (Elstar). Canker samples with either low concentrations of C. luteo-olivacea/Cadophora X or high concentrations of N. alba were not observed. Apple leaf litter was only present in three apple orchards, with low concentrations of N. alba, with 0-58 pg DNA mg À1 , and high concentrations of C. luteo-olivacea/Cadophora X, above 2654 pg DNA mg
. Highest concentrations of N. alba were measured in fruit mummies from orchards 4 (Elstar), 5 (Elstar), 8 (Pinova) and 10 (Elstar), ranging from 149 to 552 pg DNA mg
. Very low concentrations were measured in mummies from orchard 6 (Kanzi) with 2 pg DNA mg À1 . High concentrations of C. luteoolivacea/Cadophora X with 510 to 4921 pg DNA mg
were measured in mummies, with considerable differences in concentrations of C. luteo-olivacea/Cadophora X from the different orchards. Dead weeds were sampled in seven apple orchards. Low concentrations of N. alba below 13 pg DNA mg À1 were detected in dead weed samples of all orchards. However, high concentrations of C. luteo-olivacea/Cadophora X, between 652 and 41 900 pg DNA mg À1 , were measured in dead weed samples.
Cankers, pear leaf litter and dead weeds were the most colonized substrates in pear orchards (Fig. 3) , whereas fruit mummies were almost absent. Cankers sampled in the pear orchards contained relatively low concentrations of N. alba, below 6 pg DNA mg À1 for nine orchards, and an exceptionally high value of 279 pg DNA mg À1 for orchard 17. Cadophora luteo-olivacea/Cadophora X was found at low levels of below 23 pg DNA mg
. The concentration of N. alba in pear leaf litter differed considerably between orchards, ranging from 1 to 324 pg DNA mg
. The lowest concentrations of N. alba were measured in orchards 14 and 20 and the highest in orchards 11 and 18. Values for C. luteo-olivacea/ Cadophora X were above 687 pg DNA mg À1 , with little variation between orchards. A similar pattern was found for dead weeds. The concentration of N. alba varied considerably between orchards ranging from 1 to 564 pg DNA mg À1 , whereas C. luteo-olivacea/Cadophora X was detected more consistently at high levels, ranging from 1014 to 11 890 pg DNA mg
Temporal dynamics of N. alba and C. luteo-olivacea/ Cadophora X in necrotic plant tissues
The temporal dynamics of colonization of N. alba and C. luteo-olivacea/Cadophora X was quantified in four apple orchards, planted with two different apple cultivars (orchard 1 and 8: Pinova; orchard 3 and 7: Elstar) and four pear orchards, all planted with Conference, in five substrates: leaf litter, mummies, prunings, dead weeds and dead grass, sampled monthly from May until September and in December. These substrates were selected based on results obtained in May because they generally had the highest incidence and concentration of N. alba and C. luteo-olivacea/Cadophora X.
The different types of apple residues were not all present on the orchard floors during the monitored months in all four orchards. Leaf litter was mainly present from August until December. The other substrates were present during all months that were monitored, although old mummies disappeared during the growing season, and new mummies were formed during the season. In apple orchards the dynamics of detection of different pathogens in the substrates generally showed the same trends. Both pathogens decreased from April until August and increased from September until December, with the exception of dead grasses. The level of detection in dead grasses was relatively constant throughout the season (Fig. 4) . However, for mummies, prunings and dead weeds, orchard differences were found. For example, the concentration of N. alba in mummies was highest in orchard 8 (Pinova) in June with 25 698 pg DNA mg À1 but less than 204 pg DNA mg
in June in mummies originating from the other orchards. The concentration of C. luteo-olivacea/Cadophora X in dead weeds decreased earlier in orchard 7 (Elstar) compared to the other three orchards, but increased again rapidly in July. In prunings, concentrations of C. luteoolivacea/Cadophora X increased from May to August in orchards 1 (Pinova) and 3 (Elstar) but decreased during this period in orchards 7 (Elstar) and 8 (Pinova). A similar trend was found for N. alba in the same samples of prunings.
In pear orchards, a decrease in colonization by both pathogens in early summer followed by an increase in colonization from September until December was measured in pear leaf litter (Fig. 5) . In the other substrates, populations were generally more constant and at lower Table 1 for numbers of samples assessed; bars indicate standard deviation.
Plant Pathology (2018) 67, 1264-1277 levels compared to apple orchards. The temporal dynamics in substrate colonization differed between orchards. For example, N. alba in prunings increased in orchard 18 in June to 37 pg DNA mg À1 whereas in the other orchards the concentration of N. alba was below 2 pg DNA mg À1 . In the same orchard, N. alba was also higher in early summer in dead weeds, with 34 pg DNA mg À1 in June, compared to 2 pg DNA mg
or lower in the other orchards. Measurements of C. luteoolivacea/Cadophora X were more consistent for orchards for most substrates except for dead weeds. Moderate to high concentrations were found in June in orchards 13 (175 pg DNA mg À1 ), 18 (7596 pg DNA mg
) and 19 (106 pg DNA mg À1 ), but in orchard 20, only 3 pg DNA mg À1 were detected. In this orchard the concentration of C. luteo-olivacea/Cadophora X in dead weeds increased during summer, whereas this pathogen decreased in the other orchards.
Discussion
Detection of post-harvest pathogens by TaqMan PCR in various samples obtained from 20 representative Dutch orchards confirmed results of isolations from postharvest rots in stored fruit lots of apple and pear (Wenneker et al., 2016a) . In both studies, N. alba and C. luteo-olivacea/Cadophora X were identified as the most common pathogens, whereas N. perennans was detected only occasionally and C. malorum could not be detected. Neofabraea alba was found as a major postharvest pathogen causing lenticel rot (bull's eye rot) on both apple and pear fruit during the Dutch surveys in 2011-2013 and has now been detected consistently in the monitored apple and pear orchards. In contrast, C. luteo-olivacea/Cadophora X causing side rot was found to be a major post-harvest pathogen of pear fruit lots, but was less abundant on stored apple fruit lots. Interestingly, the pathogen was consistently detected at high concentrations in both apple and pear orchards.
In this study, the concentration of the post-harvest pathogens was quantified in various substrates. In the apple orchards, N. alba was detected in almost all samples of cankers and mummies at high concentrations. The pathogen was also consistently present at lower concentrations on apple leaf litter, fruit spurs and prunings, as well as on dead grasses and weeds. In contrast to apple orchards, leaf litter and dead weeds appeared to be the substrates with the highest incidences and concentration of N. alba in pear orchards. Cadophora luteo-olivacea/Cadophora X was commonly present in the assessed substrates in apple and pear orchards. Highest concentrations of C. luteo-olivacea/Cadophora X were found on apple and pear leaf litter, mummies (present in apple orchards) and dead weeds, but only low concentrations in soil samples. In this study, the amount of substrate present in the orchards and the dynamics of these substrates over time has not been assessed. Consequently, it is not possible to estimate the relative importance of the different types of substrates for the development of pathogen populations as done previously for S. vesicarium populations in pear orchards (K€ ohl et al., 2009, 2013) . Mummies are generally observed frequently in Dutch apple orchards, but rarely in pear orchards. Possibly, mummies are an important inoculum source of N. alba in Dutch apple orchards, as has also been found for German apple orchards (Weber, 2012) .
In this study, both N. alba and C. luteo-olivacea were consistently detected in leaf litter of apple and pear and in necrotic tissues of dead weeds and grasses. In many cases high concentrations of the pathogens were quantified. These are important new findings that may help to better understand how complex population dynamics of these necrotrophic pathogens depend on the availability of various necrotic host and non-host tissues for survival and multiplication. Obviously, necrotic tissues of nonhosts can potentially play an important role, as found previously for pear-pathogenic S. vesicarium populations in pear orchards (K€ ohl et al., 2013) . Until now, Neofabraea spp. and Cadophora spp. causing post-harvest fruit rots have been primarily described as colonizers of woody tissue including cankers (Henriquez et al., 2004; Gramaje et al., 2011) .
For N. alba there was a considerable fluctuation in substrate colonization over time. This was less pronounced for C. luteo-olivacea. Detailed information on infection periods of the pathogens is lacking. Latent infections may occur from flowering onwards during the entire growing period, or fruits may differ in susceptibility depending on their physiological stages, so that the majority of infections may be caused during specific developmental stages. A better understanding of the critical infection periods will help to highlight the relative importance of pathogen colonization of different substrates and their dynamics during a growing season.
The colonization of substrates by N. alba and C. luteo-olivacea/Cadophora X varied markedly between orchards. For example, a large variation was observed between apple orchards in the concentration of N. alba and C. luteo-olivacea/Cadophora X in cankers and mummies and between pear orchards for the concentration of N. alba in pear leaf litter and dead weeds. The design of the sampling does not allow conclusive results on the reason for the observed variation. Possibly, differences in orchard management play a role as well as factors such as cultivars, tree age or local climatic conditions. The observed variation between orchards indicates that pathogen populations and consequently infection risks depend on as yet unknown factors. The identification of the major factors affecting population development of N. alba and C. luteo-olivacea/Cadophora X may allow the Cadophora luteo-olivacea/Cadophora X on apple leaf litter on orchard floor; (c) N. alba on mummies; (d) C. luteo-olivacea/ Cadophora X on mummies; (e) N. alba on prunings; (f) C. luteo-olivacea/Cadophora X on prunings; (g) N. alba on dead weeds; (h) C. luteo-olivacea/Cadophora X on dead weeds; (i) N. alba on dead grasses; (j) C. luteo-olivacea/Cadophora X on dead grasses. Mean concentration (pg DNA per mg plant residue (dry weight)) of four replicated samples each consisting of 10 mummies, 10 segments of prunings 5-10 cm long, or 100 mL of apple leaf litter, dead weeds or dead grasses. Bars indicate standard error of the mean.
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Quantification of fungal pathogens in environmental samples using species-specific TaqMan PCR assays is a powerful tool to give new insights into pathogen population dynamics. However, DNA-based quantitative detection methods need further improvements because the efficiency of DNA extraction may differ between samples and part of the detected DNA may represent dead cells. Sequence differences between N. malicorticis and N. perennans appear to be small, only 0.4% for the combined dataset of b-tubulin, ITS rDNA and mitochondrial rDNA (De Jong et al., 2001) . The small genetic variation between the species might indicate a separation at the subspecific level (Verkley, 1999) . There is a crossreaction of the N. perennans probe with N. populi, which causes bark lesions on Populus trees. Therefore, possible cross-reactions might occur, e.g. when poplar windbreaks are surrounding the orchard. However, in this survey the orchards were surrounded by Alnus (alder) windbreaks. Moreover, N. perennans was only detected occasionally.
Further research on disease epidemiology is needed to understand the relationships between the build-up of pathogen inoculum on the various substrates during time and infection periods for developing fruits in the orchard. This knowledge will enable estimates of the relative importance of different substrates as inoculum sources for fruit infections. Further, this knowledge could be used for the development of focused sanitation measures (Holb, 2006; Gomez et al., 2007; Llorente et al., 2010) . Understanding the role of microbial colonizers in competitive substrate colonization (K€ ohl et al., 2015) will allow the development of measures to stimulate beneficial components of microbiomes or to apply beneficial antagonistic strains to the relevant plant residues, with the aim of suppressing pathogen colonization, survival and sporulation (Carisse & Rolland, 2004; Llorente et al., 2006; Rossi & Pattori, 2009 ).
